Abstract
Introduction
The bioimpedance measurements in humans have been receiving considerable attentions during the past two decades because of several advantages, such as low cost, easy application, non-invasiveness and on-line monitoring. The original bioimpedance technique was bioelectrical impedance analysis (BIA). Within a decade, this technique evolved into the more advanced technique known as bioelectrical impedance spectroscopy (BIS), also called multiplefrequency bioimpedance analysis (MFBIA). BIS applies multi-frequency stimulations to measure body impedance. This technique has been widely used for many applications, such as:
• Body fluid measurement [1] [2] . This method estimates extracellular fluid (ECF), intracellular fluid (ICF) and total body water (TBW); • Tissue volume change. A typical application of this type is the impedance plethysmography [3] .
• Tissue characterization. These techniques are mostly based on Cole-Cole model in terms of Cole-Cole impedance parameters [4] . e.g. in [5] , normal and ischemic tissues are differentiated by comparing r 0 and f c . in [6] , Zhao et al. calculated plasma resistance, intracellular resistance and cell membrane capacitance of blood using three measuring frequencies.
Characterization of blood bioimpedance properties is of importance for the development of methods estimating some clinical indices such as haematocrit, glucose level, hydration, etc. The ability to make in vivo measurements would be a great advance; however, traditional impedance spectroscopy of blood measurements are in vitro [6] [7] , or represent an average of all tissues involved in the measurement field, rather than the blood signal alone. In this paper, we propose a novel approach to measure blood impedance in vivo by analysis of data from the cardiac induced pulsatile impedance signal. These data are used to fit a nonlinear model, from which arterial blood parameters are separated from those of the surrounding tissues.
Methods
A tetrapolar impedance sensor is applied on index finger or between index and middle fingers so that an alternating current enters finger from two injection electrodes and the voltage is measured between two detection electrodes. The physiological structure of this compartment is relatively simple compared with other measuring sites (e.g. chest) and can be approximated with a cylindrical model describe as Fig. 1 . Artery expansion during heart systole increases its cross section area from S a to S a +ΔS a and the arterial impedance of this segment decreases correspondingly from Z a to Z a − ΔZ a . The fractional variation is thus ΔZ a /Z a = −ΔS a /S a . This impedance signal varies with the same frequency as the ECG signal but delayed phase. For simplicity, here we use a sinusoidal wave to simulate the real pulsatile wave (Fig.  2) .
In order to build a computational model, we categorize finger tissues into two groups: 1) Tissue, which includes everything except arterial blood (ie. muscle, fat, interstitial fluid, venous and capillary blood), and 2) Arterial blood. There are two situations for arterial blood volume: 1) Diastole: arterial blood volume is minimum, and 2) Systole: maximum arterial expansion. Based on analysis above, the An illustration of the pulsatile impedance wave at a measuring frequency. Z d : impedance (upper dash line) corresponding to the heart diastole; Z s : impedance (lower dash line) corresponding to the maximum arterial expansion during heart systole; Z dif f : The difference between Z d and Z s pulsatile bioimpedance model of a finger can be described as three electrical components in parallel (Fig. 3) .
Figure 3.
The bioimpedance model of pulsatile wave on a finger, modeled as three parallel impedances. Tissue and arterial blood are grouped as part I (with impedance Z I ), while the incremental blood in the artery is part II (with impedance Z II ).
The pulsatile impedance measurements Z d and Z s ( The impedance spectral data are fitted to the Cole-Cole equation [4] ,
where R ∞ is the impedance at infinite frequency, R 0 is the impedance at zero frequency, and f c is the characteristic (Fig. 4(a) , marker * ); 2. From measurements at systole, we obtain the parameters of Z s (f ) = Z I Z II by (Fig. 4(a) , marker +). 3. The Cole-Cole curve of Z ib (f ) = Z II (Fig. 4(b) , marker •) is calculated by
The calculated Z ib (f ) is blood-related only, based on the model of Fig. 3 . Of the Cole-Cole parameters obtained above, R 0 and R ∞ are geometry-related which are sensitive to body segment dimension changes, electrode movement, and blood pressure changes, etc; f c is relatively stable against body segment geometrical variations; α is insensitive to tissue property variation [5] ; Therefore, f c is a good candidate for characterizing blood bioimpedance properties. (R 0 , R ∞ and the ratio R 0 /R ∞ are also helpful with careful calibrations)
Results
In order to test this method, we simulate a finger circuit model using a Spice equivalent circuit model with R, C, L components. The model is designed to simulate the physiological structure of a finger and the skin-electrode contact interface, with a frequency sweep of 88 points, logarithmically distributed from 5 kHz to 100 MHz. Blood volume in artery is modeled to increase by 10% during systole. The Cole-Cole curve of incremental blood ( (Fig.  4(c) ) and Z ib (f ) (Fig. 4(d) ) are fitted using the LevenbergMarquardt (LM) nonlinear regression method [8] .
Noise analysis is conducted as follows: pusatile impedance is modeled as a sinusoidal wave with amplitude 1 Ω and frequency 1 Hz on top of a constant pulsatile impedance of 1 kΩ. (Fig. 5(a) ); zero-mean, white Gaussian noise with standard deviation 10Ω is added and the noisy signal is illustrated in Fig. 5(b) . Z dif f and Z d are calculated by minimizing a cost function
where F (t) is the pulsatile impedance wave measured at each frequency, i = 1, 2, . . . , n; n is the number of samples; f (t) is a unit prototype function to mimic pulsatile shape.
Here we use a unit amplitude sinusoidal signal as f (t). The accuracy of the calculated Cole-Cole parameter depend highly on the signal-to-noise ratio and sampling rates. 
fitted in a ECFC model [9] . The Spice simulated data and the fitted data are denoted as x and solid lines, respectively. (d) the pulse curve is fitted in a 1 st order Cole-Cole model. 
Results show parameter errors decrease in proportion to square root of sample number n, σ ∝ 1/ √ n. The primary error sources from pulsatile impedance peak-peak amplitude Z dif f ; Parameters have various error levels under same experimental conditions (R 0 is the lowest and α is the highest); Decreasing SNR dramatically reduces accuracies. 
Discussion
This paper introduces a method to measure arterial blood impedance from pulsatile blood impedance measurements. This technique offers the following advantages. In term of physiology, the pulse curve is generated from a homoge- 
which are generated from multi-tissues due to heterogeneity in the measuring field. The inductive effect in curves Z d (f ) and Z s (f ), corresponding to the sub-ripple on the high frequency end (Fig. 4(a) ), can be observed in many real measurements even on homogenous tissue [9] . This is alleviated in the pulsatile curve in which, although there still has a extension to negative part of imaginary axis at high frequency, it can be regarded as extrapolation of the Cole-Cole curve without affecting Cole parameters' fitting accuracy. During curve fitting, by using pulse curve, we don't need to adopt additional inductive component (ECFC model [9] ) or multiple Cole systems [5] [10] due to tissue heterogeneity. A simple 1 st order Cole-Cole model is sufficient (Fig. 4(d) )which means less computations and higher accuracy of fitted parameters.
The disadvantage of pulse curve is that, in real measurements, the pulsatile amplitude is only a small fraction (10% or less) of the noise amplitude which introduces impediments to measure pulsatile amplitude accurately. In order to overcome this, high sampling rates and/or additional signal processing approaches are required which increase computational complexities.
Some previous work is related to the method we propose. Yamakoshi et al. [11] showed that the changes in the admittance produced by pulsatile in the human finger dipped in the electrolyte vanishes when the conductivity of the electrolyte is equal to that of the blood. However, this method is limited by strict experimental conditions. Brown et al. [12] tried to characterize cardiac related impedance wave measured in the chest and found contradictions while comparing resulting cole-cole parameters with those of blood. They demonstrated that the cardiac related impedance wave was not from blood only but a structure like "blood-tissue" parallel pair and this impedance spectrum could be misleading if being directly used for blood characterization.
In conclusion, we propose a new technique to calculate in vivo properties of arterial blood based on measurements of the cardiac induced pulsatile BIS signal in a finger. The measured pulse curve is fitted using nonlinear curve fitting method and a simple first order Cole-Cole model. This method may potentially allow simplified measurement of blood parameters for many biomedical monitoring applications. However, because of noise levels encountered in real measurements, the methodology of obtaining accurate pulse data is concern for the future research and development.
